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Abstract 
Nowadays technical applications require very small components which leads to the question of how to handle fatigue strength data 
gained from tests carried out on specimen which are even larger than the component itself. Previous high-cycle-fatigue (HCF) tests 
have outlined the negative influence of increasing “risk volumes” due to enlargement of the specimen size. Additional to the effect 
of “risk volumes” the influence of stress gradient may not be neglected as the gradient changes as well due to the enlargement of 
the specimen size. Especially thin profiles could be affected by high stress gradients which results in high and low stress loaded 
profile areas. The fatigue strength of an hourglass shaped specimen with a standardized diameter of 7.5 mm tends to have higher 
fatigue strength than a specimen with a larger diameter. In this work rotating bending tests were carried out on specimens with a 
diameter of 4 and 7.5 mm. Lifetime simulations with different specimen diameters (D2.5, D4 and D7.5) were carried out by a 
common simulation tool FEMFAT and simultaneous testing of D4 and D7.5 specimens was performed to compare the results. An 
outlook is given on how such influences can be estimated and an appropriate method can be derived for damage calculations. 
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E Youngs modulus 
ܭ௧  Elastic stress concentration factor 
ܭ௙   Fatigue strength reduction factor 
b Thickness of a specimen 
߯ Stress gradient 
߯ᇱ Relative stress gradient 
ߪ௧  Tension/compression fatigue strength 
ߪ௥௕  Rotating bending fatigue strength 
ߪ௙  Local fatigue strength 
ߪே Nominal stress 
ߪ௠௔௫  Maximum notch stress 
ߪ௩  von Mises stress or equivalent tensile stress 
ܵଶଶ  Stress in the axial direction of the specimen 
஽ܰ  Number of cycles at the fatigue limit  
݇  Slope of the S/N curve 
D Damage 
UTS Ultimate tensile strength 
YS Yield strength 
1. Introduction 
In times of developing lightweight structures including very complex shapes finite element analysis (FEA) is a 
common tool to calculate reasonable strains and stresses which have an effect on the considered structure. The process 
of fatigue life estimation starts with the evaluation of the prevailing loads on the component (strains, stresses, load 
spectra, etc.) and additional material data. Such data generally, but not only, described as S/N-curves and Haigh-
diagrams leads to the derivation of several material parameters implemented into the lifetime estimation post 
processing (LEPP).  
Material properties are determined by the application of material testing. Especially testing cyclic material 
properties (for example fatigue testing under completely reversed stresses) is influenced by testing conditions such as 
loads, temperatures, size effects, mean and residual stresses, manufacturing processes and the stress distribution itself. 
The tests have to be evaluated and certain values can be used in the LEPP to define material fatigue properties.  
Within the FEA no difference is made between the assessment of stresses in the tension/compression or bending 
mode. All the load information is implemented into the LEPP through the import of the FEA output database (ODB) 
including especially node stresses of the meshed geometry. In the present work a focus was put on the application of 
the stress gradient approach on different specimen sizes. Therefore, it’s necessary to take a look at the local stress 
distribution in comparison with the testing method of the unnotched or notched specimen. [1,2] 
2. Stress distribution 
The most common used approach of taking the stress distribution of notched components into account is described 
by the work of Neuber. As long as functional components are needed for a certain purpose engineers will be forced to 
find a way on how to apply effects of geometrical discontinuities in the LEPP. 
The failure potential tends to be higher due to unfavorable impacts through notched areas. Especially crack 
initiation takes place at notched areas of stressed components in an early stage of fatigue life. These notches could be 
optimized in order to prevent reduction in fatigue life. [2] 
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2.1. Stress gradient 
The stress distribution of a simple stressed (tension/compression) cross section of a smooth machined specimen 
can be calculated by analytical approaches, which exist for common shapes. In case of simple shapes the FEA 
calculation fits the analytical result quite well. The stress distribution will show a constant stress distribution 
throughout the cross section. By means of technical applications resulting in complex geometrical properties the 
approach of nominal stresses calculated by analytical determination is not sufficient enough. [3,4]  
Equation (1) shows the relation between ߪே(nominal stress) and ߪ௠௔௫  (maximum stress). The maximum value of 
the stress caused by a notch leads to a certain gradient within the component which can be seen in Figure 1. In this 
case the nonlinear increase of the stress at the notch base in relation to the maximum value is given by the elastic 
stress intensity factor ܭ௧. [1,5] 
ܭ௧ ൌ 
ߪ௠௔௫
ߪே
 (1) 
߯ᇱ ൌ  ͳߪ௠௔௫
כ ൬݀ߪ݀ݔ൰ 
(2) 
Bending loading causes a “natural” relative stress gradient ߯ᇱ within the component. Hence the relative stress 
gradient represents a function of the specimen thickness according to ߯ᇱ ൌ ʹ ܾΤ . Thus choosing larger or smaller 
diameters will result in a different stress distribution and consequently in a different relative stress gradient. [1] 
 
Figure 1. Graphic display of the stress distribution of a tension loading and a bending loading specimen. [1] 
The concept presented by Eichlseder in [1] inter- and extrapolates fatigue limits between the tension/compression 
fatigue limit (߯ᇱ ൌ Ͳǡ ߪ௧) and the rotating bending fatigue limit (߯ᇱ ൌ ʹ Τ ǡ ߪ௥௕ሻ. Tests showed a nonlinear increase 
of the fatigue limit with increase of ߯ᇱ. In case of characterizing this behavior an exponential approach is used in 
equation (3) by introducing ݊ఞ. The exponential factor ܭ஽ is a specific material constant which enables nonlinear 
adjustment of the fatigue behavior. The local fatigue strength ߪ௙ can be derived from equation (4). [1–3,7] 
݊ఞ ൌ ͳ ൅ ൬
ߪ௥௕
ߪ௧
െ ͳ൰ כ ቆ ߯
ᇱ
ʹȀܾቇ
௄ವ
 (3) 
ߪ௙ ൌ ߪ௧ כ ݊ఞ (4) 
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Furthermore, the parameters of the local S/N-curve for calculating the local fatigue life were adjusted as well. 
Equations (5) and (6) specify the exponential decrease of both parameters due to an increase of ߯ᇱ. The decrease itself 
and for this the responsible material dependent parameter ܭ஽ has to be determined for the used material. Usual values 
for different materials can be extracted from [7] where ܭ஽ is 0.3 and 0.35 for two different types of steel. Hence there 
will be a change of ߪ௙ (4), number of cycles at the fatigue limit ஽ܰ (5) and the slope ݇ (6) depending on the local ߯ᇱ. 
This will have an impact on fatige life calculation and of course the local fatigue life limit. [1,7] 
݈݋݃ሺ ஽ܰሻ ൌ ݈݋݃ሺ ஽ܰ௠௜௡ሻ ൅
݈݋݃ሺ ஽ܰ௠௔௫ሻ െ ݈݋݃ሺ ஽ܰ௠௜௡ሻ
݊ఞ
௄೙  (5) 
݇ ൌ ݇௠௜௡ ൅
݇௠௔௫ െ ݇௠௜௡
݊ఞ
௄ೖ  (6) 
3. Experimental 
The tested material is a 1.4542 martensitic stainless steel tempered to its final condition. The chemical composition 
can be extracted out of the table below. The content of alloying elements is given in maximum percent by weight. The 
heat treatment is carried out at 482°C (±5°C) for several hours. Hardness measurements are carried out to validate the 
effect of the heat treatment. 
Table 1. Chemical composition of a 1.4542 steel in percent by weight (wt%, DIN EN 10088-3) 
C Si Cr Mn Ni Cu Nb 
0.04 0.25 15.30 0.40 4.50 3.25 0.30 
 
The fatigue tests are carried out on specimens with two different testing diameters of 4 and 7.5 mm (D4 and D7.5). 
The hourglass shape is manufactured through machining a fillet radius of 50 mm which can be seen in Figure 3.  
The fatigue tests were carried out on a rotating bending machine built by the chair of mechanical engineering in 
Leoben. Stresses were calculated by the laws of mechanics (Figure 2b)) and the validation of the loads was carried 
out through use of strain gauges. Figure 2a) illustrates the test setup used for rotating bending tests. 
 
a)    b)
a
b
G = mg
d
Probe
G/2 G/2G/2 G/2
Mb=const.Mb
M
 
Figure 2. a) Test setup; b) The setup design provides a constant bending moment on the hourglass shaped test section. 
 
specim n 
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a)  
Figure 3. Shape of a specimen used for rotating bending tests, represented by a D4 specimen. 
4. Stress and life computation 
Within the FEA the shapes of the specimen were generated according to Figure 3, loads and boundary conditions 
were defined equivalent to the test setup. Several simulation parameters had to be adjusted for an appropriate stress 
gradient calculation.  
Depending on the element type (seen in Figure 4a)) the best results were achieved by choosing quadratic elements 
without a reduced integration (C3D8). These 3D elements should also be prevented from high distortion according to 
their primary shape in case of insufficient accuracy. Applying reduced integration has shown an insignificant change 
of the stress distribution and the relative stress gradient. Comparative calculations indicated less than 5 % difference 
between the actual element number and considerably more elements. 
The evaluated stress gradients of the specimen were visualized below in Figure 4b). The calculated data is 
mentioned in Table 2. All three specimens were applied with a certain bending moment resulting in a 
tension/compression stress ܵଶଶ (direction of the specimen axis) of 1.0 MPa consistently.  
Table 2. Calculated relative stress gradients  
 D2.5 D4 D7.5 
߯ ′ 0.784 0.511 0.279 
 
a)  b)  
Figure 4. a) Stress distribution of three cross sections of 2.5, 4 and 7.5 mm of diameter. b) Comparison of the relative stress gradient ߯ᇱ 
depending on different cross sections. 
 
The fatigue calculations were executed with the commercial tool FEMFAT 5.2. As reliable cyclic material data for 
1.4542 is hardly available, cyclic material strength is estimated based on the FKM guidline (section 4.2.1) in [8]. 
Literature data reveals ultimate strength (UTS) values in the range of 1310 to 1448 MPa. When comparing calculated 
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data and test data it has to be taken into account, that the cyclic values were derived based on an estimation. This 
approach will be refined through continuous tests until the derived parameters match the test data in order of a more 
exact prediction. 
The von Mises yield criterion ߪ௩ is used as evaluation parameter for lifetime estimation of the specimen. Previous 
simulations showed an appropriate behavior whilest the principal stress ܵଶଶ in load direction is negligible higher. The 
applied loads were greater than the fatigue limit. The different types of stress gradient calculation are explained in [8]. 
Table 3. Material parameters implemented in FEMFAT for the lifetime calculation  
 UTS  YS  ߪ௧  ߪ௥௕  
1.4542 1448 1162 651.7 682.7 
5. Results and discussion 
The simulation results are presented and compared to experimental results. Table 4 shows the S/N data of the 
material fatigue properties. This is used as reference for the calculated S/N curves to describe the impact of the local 
fatigue properties. Calculations are carried out with a survival probability of 97.5 %. 
Table 4. S/N data of the derived material fatigue strength of 1.4542 
݇  ߪ௙  ஽ܰ  
12 651.7 2000000 
 
The results were pointed out in S/N curves in Figure 5. As expected the calculations show an increasing value of 
specific parameters. The size dependent values for each specimen geometry are summarized in Table 5. With 
increasing ߯ᇱ the local fatigue limit ߪ௙ moved to higher values, ஽ܰ decreases and the slope ݇ increases. Additionally, 
the local damage factor D could be taken into account for the lifetime estimation. In order to get cycles to a certain 
fatigue limit D is multiplied by the target life cycles. Without using the stress gradient approach, the damage factor 
was calculated D=1.365 in the critical cross section of the specimens. By adding the influence of the stress gradient 
the damage values drop according to Table 5. In summary the local damage decreases due to local raise of the fatigue 
limit. A load of ߪ௩ ൌ ͹Ͳͺ േ ͳ MPa (due to ܭ௧ and the applied scale factor) caused a shorter lifetime estimation of the 
smallest specimen D2.5 (with the highest ߯ᇱ) with a damage of ܦ ൌ ͳǤͳͷ͸. Compared to the calculations without the 
stress gradient influence there is a significant decrease of the damage D. This behavior was expected before the 
calculations were carried out. The change of the S/N parameters (in Table 5 except D) with the interaction of the 
applied load caused the higher lifetime prediction of the D7.5 specimen.  
Table 5. Values of ߪ௙, ݇, ஽ܰ and D for different local fatigue properties. 
Specimen ߪ௙  ݇  ஽ܰ  D 
D2.5 695.2 4.6 930,000 1.156 
D4 689.8 5.8 1,190,000 0.979 
D7.5 683.8 7.6 1,520,000 0.878 
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a) b)                    
c)  
Figure 5. Comparsion of derived material S/N curve (1.4542) and local S/N curves of different specimen sizes. 
Tested specimens showed the same lifetime behavior as the calculations with FEMFAT. In this case the prediction 
model fitted well. Figure 6 shows some data from tested specimens additional to the proposed fatigue limits calculated 
by FEMFAT. In the region at a standardized stress of 1 the prediction can be confirmed through six tests carried out 
with specimens D4 and D7.5. At a lower stress level four specimens were tested. How the results of the stress gradient 
model fits to lower stress levels and fatigue tests on D2.5 specimens will be another task of further investigations.  
 
 
Figure 6. Normalized S/N data from tested specimens and the comparison with the lifetime calculation of FEMFAT 
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6. Conclusions and outlook 
The present work shows a model involving stress distribution respectively the relative stress gradient ߯ᇱ and its 
impact on LEPP. The increase of ߯ᇱ leads to a higher lifetime in terms of local stress concentrations which affect only 
a smaller area of the component.  
Increasing the specimen size from D2.5 to D7.5 leads to a fatigue life within the finite life range based on 
calculations carried out with FEMFAT. By adjusting S/N parameters ɐ୤ ,   and ୈ  (equations presented in 2.1) 
through the influence of ɖᇱ the fatigue strength decreases with decreasing specimen size at a certain load. Future 
experimental investigations will prove the applicability regarding fatigue strength at higher loads (including D2.5 
specimens) and the load level in the area of the fatigue limit (D2.5, D4 and D7.5). Therefore, further tests will be 
performed to determine the real fatigue limit more precisely. The gap between FEMFAT material parameters and 
tested parameters is going to be reduced due to a component based design method. 
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